This paper proposes a noncoherent h ybrid parallel pseudonoise PN code acquisition scheme for code-division multiple access CDMA mobile communication systems and analyzes the e ect of multiple access interference MAI on the code acquisition performance for Rayleigh and Rician fading channels. The hybrid acquisition scheme combines parallel search with serial search t o c o ver the whole uncertainty region of the input code phase. It has a much simpler acquisition hardware structure than the total parallel acquisition, and can achieve the mean acquisition time slightly inferior to that of the total parallel acquisition in the case of severe MAI; on the other hand, it provides the exibility in the trade-o between the mean acquisition time and system complexity if no MAI is considered. The closed-form expressions of the detection and false-alarm probabilities and mean acquisition time are derived. Numerical analysis quanti es the severe performance degradation of code acquisition due to both MAI and channel fading, and demonstrates the dependence of the increase of mean acquisition time due to MAI on the number of users in the CDMA system, system design parameters, and channel fading statistics.
Introduction
to reduce acquisition time for DS SS communications in an AWGN channel. Sourour and Gupta 7 -8 have extended the analysis on parallel acquisition to fading channels. Recently, Madhow and Pursley 9 have studied the e ect of MAI on code acquisition with coherent detection, and Rick and Milstein 10 with noncoherent detection, however, for an AWGN channel only. The e ect of MAI on PN code acquisition performance has not been analyzed theoretically for mobile fading channels in open literature.
In CDMA systems, whether parallel search or serial search should be used for code acquisition depends on system design criteria. The totally parallel acquisition scheme simultaneously tests all possible code phases, therefore, can signi cantly reduce the code acquisition time. However, the hardware complexity increases dramatically. The number of parallel noncoherent matched lters is equal to that of all possible discrete PN code phases, which can be a very large number for a long PN code sequence. On the other hand, a serial search technique can achieve receiver hardware simplicity at the expense of code acquisition speed. The tradeo between totally parallel search and serial search is the acquisition time versus system hardware cost. In this paper, a noncoherent h ybrid parallel acquisition scheme which combines parallel search with serial search is proposed for code acquisition in the presence of MAI over fading channels. The scheme can achieve a balance between the acquisition speed and system complexity. The e ect of MAI on the acquisition performance is analyzed theoretically for Rayleigh and Rician fading channels. A more realistic mobile fading channel model is used here as compared with that used in 7 -8 . Previously, c hannel fading process was assumed to be time-invariant o ver several successive c hips. In this paper, a continuously time-varying channel fading process is considered.
The paper is organized as follows. Section 2 analyzes the e ect of MAI on the performance of noncoherent correlators for code acquisition in mobile fading channels. Section 3 studies the hybrid parallel acquisition scheme, where parallel search is combined with serial search t o c o ver the whole uncertainty region of the input code phase. The closed-form expressions of the detection and false-alarm probabilities and mean acquisition time are derived. The code acquisition performance in the presence of MAI over mobile fading channels is evaluated in Section 4 based on numerical analysis. The conclusions of this work are presented in Section 5.
E ect of Multiple Access Interference in Fading Channels
In a binary phase shift keying BPSK CDMA communication system, the transmitted signal of the target transmission link can be represented as where P is the signal power, c 1 t 4 = P 1 i=,1 c 1;i p Tc t,iT c , c 1;i 2 f , 1; +1g is the ith element of the PN code sequence, p Tc t is the PN code waveform de ned as a unit rectangular pulse over 0; T c , 0 1 is the PN code phase normalized to the chip interval T c , ! is the carrier radian frequency, and 0 1 is the carrier phase at t = 0. Without a priori information of input code phase, the uncertainty region of the code phase is the full code period . If a special preamble or a pilot signal is used for the purpose of acquisition, then the code acquisition starts and ends before the data stream is introduced; therefore, the e ect of data modulation is not considered here for code acquisition.
The transmitted signal reaches the receiver via one or more propagation paths. The received signal consists of a deterministic line-of-sight LOS component if it exists and other re ected and scattered multipath components. A frequency non-selective m ultipath fading channel introduces a time-variant amplitude uctuation, carrier phase jitter and propagation delay to the signaling waveform transmitted through it. The complex impulse response of a Rician fading channel at baseband can be represented as ht = f expj + t exp j't g t , 2 where expj represents the deterministic component due to the existing LOS path between the transmitter and receiver, t exp j't represents the di usive component due to multipath propagation, is the propagation delay, and is the Dirac delta function. Generally, t i s R a yleigh distributed, and 't is uniformly distributed over 0; 2 .
The di usive component can also be represented as a complex Gaussian random process, t exp j't = xt + jyt, with xt and yt being independent Gaussian random processes with zero mean and variance 2 f . The ratio of the average power of the deterministic signal component to that of the di usive signal component is de ned as k-factor, i.e., k 4 = 2 =2 2 f . When the k-factor approaches 1 dB, the di usive component due to multipath at the received signal disappears, and the fading channel becomes an AWGN channel. On the other hand, when the k-factor approaches to ,1 dB, the LOS deterministic component vanishes, and the channel becomes Rayleigh fading channel.
Considering the case that the system has L users, each o f t h e L transmitted signals arriving at the receiver with independent random carrier phases i and i uniformly distributed over 0; 2 and an independent random propagation delay i , i = 1 ; 2; : : : ; Lwhere i = 1 represents the target transmission, the received signal can be represented as
y i tc i t + i T c sin!t+ i + nt 3 where 1 = 0 1 , = T c i.e., i = 1 is the code phase delay of the desired signal of the target transmission normalized to the chip duration T c , c i t + i T c is the PN code waveform of the MAI signal from the ith user in the system with a normalized code phase delay i i = 2 ; 3; : : : ; L , 0 i = i + ! , and nt = n c t cos!t + n s t sin!t with n c t and n s t having zero-mean and one-sided power spectral density N 0 , and being mutually independent Gaussian random processes at baseband. Without losing the generality, w e take the carrier phase of the desired signal as a reference, i.e., 1 = 0, since the e ect of 1 can be combined with that of the phase shift 1 in the direct path and that of ' 1 in the multipath propagation.
In the following analysis, it is assumed that: for any given PN sequence fc j;i g j = 1 ; 2; : : : ; L with a very long period, the elements c j;i are independent and identically distributed, taking the values +1 and ,1 with equal probability. As a result, the partial autocorrelation function of the PN codes is approximated by the full autocorrelation function of the PN codes.
At the receiver, a partial correlation of the incoming and locally generated codes is performed at baseband in the in-phase and quadrature arms, squared in each arm and added as a decision variable e ij for the jth branch o ver the ith interval of duration T 4 = MT c , a s shown in Fig. 1 , where is a design parameter to be described in Section 3. It can be easily shown that N I is a Gaussian random variable, N I G0; N 0 =2T. In the RHS of 18, the rst two terms quantify the e ect of MAI on the integrate and dump" lter output of the in-phase arm, third term characterizes the e ect of channel fading, and the last term comes from the input AWGN noise. From 18, we see that the e ect of MAI increases as the number of the users in the system increases.
Similarly, it can be derived that e Q is a Gaussian random variable with mean
and variance the same as that of e I . Note that the variance of e I and e Q is a function of the normalized code synchronization error 1 as can be observed from 10. In the following, we represent the variance of e I and e Q as 2 1 if the incoming code phase is correctly acquired i.e., 1 The above analysis describes how MAI a ects the pdf of the decision variables. With a decrease of and or an increase of 1 , the di erence between the mean values of the decision variable e corresponding to an H 1 " state and an H 0 " state is reduced; on the other hand, with an increase of MAI, the variances of both the noncoherent correlator outputs 2 1 and 2 0 increase proportionally. Both factors reduce the di erence between the conditional pdf's fejH 1 and fejH 0 , which can deteriorate code acquisition performance. The e ect on MAI on code acquisition performance such as mean acquisition time depends on both MAI and code acquisition scheme. In the following, the noncoherent h ybrid parallel acquisition is proposed, and the above analysis on the e ect of MAI, 20-21, will be used in deriving the detection and false alarm probabilities and evaluating the mean acquisition time of the proposed acquisition scheme.
Hybrid Parallel Acquisition
The functional block diagram of the hybrid parallel acquisition system is shown in Fig.2 , which consists of a band of N 1 parallel noncoherent I-Q correlators, a digital phase alignment detector and synchronization control logic. The uncertainty region of the input code phase i.e., the code length, is divided into sub-regions each h a ving length M = =N 1 N 2 with N 1 and N 2 being integers. N 1 and N 2 are design parameters describing the numbers of parallel and serial acquisition searches respectively. F or a certain value of , the parameters N 1 and N 2 are inversely proportional to each other. We assume that =N 1 N 2 i s a n integer for simplicity. Each correlator has one of the subcodes of length M as a reference code input. The code phase uncertainty region of each subcode is discretized with a step size of which is normalized to the chip interval T c . That is, each subcode contains M= discrete PN code phases. Normally = 2 ,n with a non-negative i n teger n. A t ypical value of is 1 2, which is used in the numerical analysis to be discussed. In the partial noncoherent correlation at each correlator, the number of taps on the delay line is M= with a T c delay between successive taps, as shown in Fig. 1b The above h ybrid parallel acquisition scheme combines parallel acquisition with serial acquisition. The parameters N 1 and N 2 can be selected to achieve a balance between the acquisition speed and system complexity. The unique aspect of the acquisition scheme is the introduction of the serial search c haracterized by the parameter N 2 . The parallel acquisition scheme described in 7 -8 is a special case of the system proposed here with N 2 = 1. In the case that the PN code has a very long period i.e. a large value, both M and N 1 can be very large if using completely parallel acquisition scheme i.e. N 2 = 1, corresponding to a high complexity of the synchronizer. If we c hoose N 2 1, we can reduce the number of noncoherent correlators; however, the mean acquisition time may increase consequently. Hence, the choice of parameters N 1 and N 2 depends on the system design criteria, other system parameters such as and , radio fading channel statistics, and MAI. In the following, the acquisition performance of the hybrid parallel scheme is analyzed theoretically in order to give a quantitative description of the mean acquisition time as a function of N 1 and N 2 , so that the design parameters can be optimized according to system design criteria and channel characteristics. Double dwell search with search mode and veri cation mode 5 is used. In the rst dwell search, a decision on whether a coarse alignment i s a c hieved is made after the MN 1 = discrete code phases of the N 1 subcodes loaded in the N 1 parallel branches are tested once. In other words, after each i n terval of length T, the decision is made according to the MN 1 = decision variables each corresponding to one of the MN 1 = code phases. The decision device stores the MN 1 = decision variables and chooses e max = largest e ij i = 1 ; 2; : : : ; M = , and j = 1 ; 2; : : : ; N 1 . If e max exceeds the threshold 1 , the corresponding phase of the subcode is tentatively assumed to be coarsely aligned with the received PN code signal represented by a n H 1 " state; otherwise, no coarse alignment i s a c hieved represented by a n H 0 " state, and over next period T, the search process is repeated with the next group of possible reference subcodes until a tentative H 1 " state is assumed. Then, a veri cation mode starts. The receiver advances the phase of locally generated PN code at the same rate as the input PN code so that the two codes will run in parallel at the xed code phase o set. The receiver sequentially performs several tests, each o ver a period of T seconds, after which a majority decision is made. If out of A tests, there are B tests where the output of the noncoherent correlator exceeds a threshold 2 set for the veri cation mode, coarse alignment between the PN codes is assumed and the tracking process follows. If a correct code phase is handed to the code tracking system, the acquisition process is terminated; otherwise, if a false code phase is passed, the acquisition process is reactivated after KT penalty time with a constant K. With the double dwell search, a relatively low threshold 1 can be used to increase the detection probability, and the veri cation mode operation can reduce the probability of a false-alarm event; therefore, the mean acquisition time can be greatly reduced.
It has been shown that, in an AWGN channel, i the decision variables from adjacent correlators are correlated due to MAI, where the local PN subcodes are o set by a phase less than or equal to one chip 10 ; and ii successive decision variables from each noncoherent correlator are statistically independent for = 1 or 1 2 5 this argument is applicable to the situation with MAI. Using the hybrid parallel search, in each group of the N 1 simultaneous tests, the code phase o set between the PN subcodes loaded in the adjacent parallel branches is M chips. As a result, the MN 1 = decision variables used in each detection are statistically independent i n a n A WGN channel. However, in a fading channel, there may exist correlation among the decision variables to a certain degree because channel fading status may b e correlated over a number of successive c hips. On the other hand, in the case that the parameter is less than 1, there exist more than one decision variable with a nonzero 2 value corresponding to an H 1 " cell. In the following, in order to make the performance analysis tractable, the assumptions made in 5 -8 are adopted here: i all the decision variables are independent; and ii there is only one decision variable corresponding to the correct code phase, i.e., one H 1 " cell only neglecting all other possible H 1 " cells with a smaller nonzero 2 value. It is possible that the assumption may result in the theoretical analysis results slightly deviating from practical values, however, the general analysis and conclusions on the e ects of search strategies, MAI and noise, and channel fading statistics given in Section 4 should be applicable to a practical system.
In the rst dwell search mode, if the decision variable e of the branch corresponding to the H 1 " state is larger than all the rest MN 1 = , 1 decision variables and, at the same time, is also larger than the threshold 1 , then the H 1 " state is sensed correctly. Hence, the probability of detection in the rst dwell is P d1 = x exp, x 2 + a 2 2 I 0 axdx: The probability of missing, P m1 , in the search mode is the conditional probability that all the MN 1 = decision variables are less than 1 given that one of the decision variable corresponds to the correct code phase, i.e., P m1 = It is observed that the probabilities P d1 , P m1 , P f11 and P f10 depend on the threshold 1 , the ratio of the received signal power 2 1 P to noise spectral density N 0 , the normalized synchronization error 1 , the number of users L in the system, and the channel fading statistics. The overall probabilities with the double-dwell search are P D = P d1 P d2 ; P F1 = P f11 P f2 ; P F0 = P f10 P f2 : 33
The PN code acquisition can be described as a discrete-time Markov process. Since there exists a duality b e t ween the state transition diagram of a discrete-time Markov process and the ow graphs of electrical systems, the ow graph technique has been used to calculate the mean time of PN code acquisition 5 . The acquisition process is modeled as a nite state Markov process with the transitions among states being determined by the events of detection, false alarm, and missing at each test. The ow graph diagram for the hybrid parallel search is shown in Fig. 3 . There are N 2 acquisition states corresponding to the N 2 search i n tervals for all possible PN code phases. Only acquisition state 1" contains the correct code phase, all the rest N 2 , 1 acquisition states correspond to an H 0 " state. With the uniform distribution of the incoming PN code phase over the whole PN code period , each state is tested with a probability o f 1 =N 2 . O v er each i n terval T, MN 1 = possible incoming code phases are searched once. The transitions shown in Fig. 3 iii From false alarm to acquisition with branch gain H R z: once the acquisition system enters a false alarm state, it will take KTpenalty time for the system to detect that a false-alarm event has occurred and to re-enter the next acquisition state.
From Fig. 3 with H NF z and H F0 z being the branch gains corresponding to non false alarm and false alarm transitions, respectively, i n a n H 0 " state, de ned as H NF z = 1 , P f10 z T + P f10 z T 1 , P f2 z AT 36 H F0 z = P f10 z T P f2 z AT = P F0 z A+1T : 37
Other branch gains are H D z = P d1 z T P d2 z AT = P D z A+1T 38 H F1 z = P f11 z T P f2 z AT = P F1 z A+1T 39 H M z = P m1 z T + P d1 z T 1 , P d2 z AT + P f11 z T 44 which is consistent with the result given in 8 . It should be pointed out that, in 42 and 44, the mean acquisition time, E T acq , is not linearly proportional to the correlation time interval, T, because the probabilities P D ; P m1 ; P F1 ; P F0 ; P f10 also depend on the value of T. Numerical analysis on the acquisition performance of the hybrid parallel search and total parallel search is given in the following.
Numerical Results and Discussion
The above acquisition performance analysis is applied to a system with code period of 32768 chips using IS-95 standard as a reference 13 . Three integration correlation intervals are considered for the noncoherent correlator with M = 256, 512, and 1024 respectively. The parameters 1 = 0 for the H 1 " state and = 1 =2 are chosen. The parameter N 2 characterizing the search strategy is selected to be 10 for a hybrid parallel search and 1 for a totally parallel search. The threshold parameters 1 and 2 are adjusted to minimize the mean acquisition time in each situation. The parameters of A and B of the veri cation mode are quoted from 5 to be 4 and 2, respectively. The penalty factor K for the false alarm is selected as 2, i.e. the penalty time is 2T seconds. The SNR chip is de ned as the received signal average energy per chip from the intended transmission, including both deterministic component and di usive component, to one-sided power spectral density N 0 of input noise. The power spectral density of the fading process is given by the classical Doppler spectrum formula, i.e., the autocorrelation functions of the in-phase and quadrature components, x i t and y i t, i = 1 ; 2; : : : ; L , are 14
where J 0 is zeroth-order Bessel function, f d is the maximum Doppler frequency shift. This is a more realistic channel model than that adopted in 7 -8 , where the fading process is assumed to be time-invariant o ver certain successive c hips and to be independent from each group of the chips to the others. The channel fading rate normalized to chip rate is 10 ,3 . It is assumed that each transmission has the same average signal power at the receiver and that the k-factor of the Rician fading is the same for the target transmission and all other transmission.
A. E ect of Search Strategies Fig. 4 shows the mean acquisition time in chips as a function of L , 1 which is the number of users in the system except the target transmission. The parameters SNR chip and k are chosen to be -5 dB and 0 dB, respectively, and the parameter M to be a 256, b 512, and c 1024. Two search strategies are considered: the total parallel search with N 2 = 1 and the hybrid parallel search with N 2 = 10. From Fig. 4 , it is observed that:
i The mean acquisition time increases signi cantly as the MAI characterized by the number of L , 1 increases, no matter which search s c heme is used.
ii Among the total parallel searches with three values of M, when there is no MAI i.e., L , 1 = 0, using M = 256 gives the best performance; the mean acquisition increases as the value of M increases. As the MAI increases, the situation changes. Using a larger value of M reduces the mean acquisition time. When L , 1 80, using M = 1024 yields the best performance and M = 256 the worst. This phenomenon can be explaned as follows. In the absence of the MAI, the correlation interval corresponding to M = 256 is large enough to achieve a small variance of the decision variables so that code acquisition can be achieved correctly. As a result, using a smaller M value speeds up the acquisition process, i.e., a smaller T value in 44 plays a dominant role in reducing E T acq . In the presence of the MAI, the SNR value of the decision variables decreases. A longer correlation interval i.e. a larger M value is necessary to ensure a high detection probability a n d a l o w false-alarm probability and, therefore, to keep a small value of the mean acquisition time. As a result, a larger M value results in better acquisition performance when the MAI is severe. In this case, the increased probability of detection and decreased probabilities of false alarm and missing resulting from a larger T value play a dominant role in reducing E T acq of 44.
iii Comparing the total parallel search with the hybrid parallel search, when there is no MAI L , 1 = 0, the total parallel search with any o f t h e M values gives better performance than the hybrid parallel search as expected, which is obtained at the expense of the hardware complexity. H o wever, when the MAI increases to a certain extent L 180, the hybrid search with M = 256 has the better performance than the total parallel search with M = 256. The reason for the hybrid search t o h a ve the performance even better than the total parallel search with M = 256 can be explained as follows. With the total parallel search, each decision is made based on the decision variables corresponding to all possible PN code phases. Among the = variables, only one corresponds to the correct code phase. Because of the severe MAI, the di erence between the pdf's fejH 1 and fejH 0 is reduced; therefore, the large number of decision variables corresponding to an H 0 " state makes every possibility for a false-alarm event to occur. Using the hybrid search, each decision is made based on ==10 variables. With this much less number of the decision variables corresponding to an H 0 " state, the false-alarm probability is not increased by the MAI so severely as in the case of using the total parallel search. The reduced false-alarm probability results in the better acquisition performance of the hybrid search.
iv The total parallel search with M = 512 and M = 1024 always has better performance than the hybrid search with the same M value when L , 1 200. That is, the total parallel search outperforms the hybrid search if the parameter M is chosen properly. The optimal value of M increases as the degree of the MAI increases. However, it is also observed that, as the MAI increases, the advantage of the total parallel search o ver the hybrid search on the mean acquisition time is lessened. Taking into account o f t h e hardware complexity, the hybrid parallel search is a better choice in the case of severe MAI. For example, using the hybrid search N 2 = 10 with hardware complexity being approximately one-tenth of the total parallel search N 2 = 1 hardware complexity, the mean acquisition time is increased by 2 3 times when M = 512 or 1024 and L , 1 = 0 200. In other words, E T acq is increased at a much slower rate than the rate at which the hardware complexity is decreased.
v Similar to the total parallel search, the hybrid parallel search with a smaller value of M has a shorter mean acquisition time in the case of no MAI; however, it has a longer mean acquisition time in the case of severe MAI. Using the hybrid search s c heme, a small value of M means a proportional increase of parallel branches for N 2 = 10, which increases the complexity of the acquisition system on the whole. As a result, using a smaller M value i.e. a larger number of parallel branches speeds up the acquisition process at the expense of system complexity.
It should be pointed out that the optimal correlation interval, MT c , for the minimum mean acquisition time depends on the search strategy, MAI, channel statistics and other system design parameters. Theoretically, the total parallel search will always outperform the hybrid search if both search s c hemes use their optimal M values respectively, as discussed in iv. However, in practice, the optimal value of M for each search c hanges with time due to the dynamics of channel fading statistics and the time-varying number of users in the system. In the case that the hybrid search has an M value close to its optimal one and the total parallel search has an M value far away from its optimal one, it is possible that the hybrid search m a y h a ve better performance than the total parallel search as discussed in iii.
B. E ect of MAI and Noise i The performance improvement a c hieved by increasing SNR chip from -25 dB to -15 dB is much more signi cant than by increasing SNR chip from -15 dB to -5 dB, because a large enough SNR value larger than a threshold at the correlator outputs is necessary to ensure a high detection probability a n d a l o w false-alarm probability.
ii Without MAI i.e., at L , 1 = 0, increasing the SNR chip value signi cantly reduces the mean acquisition time. However, with an increase of MAI, the acquisition performance improvement a c hieved by increasing SNR chip is reduced. This is because both AWGN and MAI deteriorate the performance. In the case of a small L value, the input white noise is a dominant factor in degrading the acquisition performance, so that the decrease of SNR chip value signi cantly increases the mean acquisition time. As the L value increases, a reduction of input noise alone does not improve the performance as signi cantly as in the case of no MAI.
C. E ect of Channel Fading Statistics i Both channel fading and MAI impair the acquisition performance. For either of the search s c hemes, with a larger value of the k-factor, the deterministic component of the received signal increases while the di usive component decreases, therefore, the degree of channel fading declines and the acquisition performance is improved.
ii The e ect of the channel fading itself on the mean acquisition time depends on the number of other users in the system. For total parallel search without MAI, a Rician fading channel with k = 5 and 0 dB respectively results in only slight acquisition performance degradation as compared with an AWGN channel. However, when k value is reduced to -5 dB and further to ,1 dB, the acquisition in the fading channel has much w orse performance because the detection probability is greatly reduced and the false-alarm probability is signi cantly increased due to the severe fading with less or no LOS component. Generally, with small MAI, channel fading is a major reason for the increase of E T acq ; with severe MAI, the e ect of channel fading is relatively reduced as MAI becomes a major concern.
iii In the case of the hybrid search, channel fading does not severely degrade the acquisition performance in the absence of MAI, because the SNR value of the decision variables is large enough for correct detection with M = 512 even for the fading channels. However, as MAI increases, the reduction of the k-factor of the Rician fading channel signi cantly increases E T acq , because the SNR value of the decision variables is reduced as the degree of fading and MAI increase simultaneously. When MAI further increases L , 1 = 200, the e ect of channel fading itself is reduced because of the dominant role of the severe MAI.
In summary, the acquisition performance degradation due to MAI depends on the PN code search s c heme, the SNR chip value of the input signal, the system design parameters such as M, N 1 , , , and the channel fading statistics.
Conclusions
The hybrid parallel acquisition scheme has been developed and analyzed for PN code acquisition in the presence of multiple access interference for Rayleigh and Rician fading channels. The proposed hybrid parallel search is of signi cant importance because it has the much simpler receiver hardware structure compared with the total parallel search and, at the same time, achieves the acquisition performance much better than that of the total serial search. Numerical analysis results have quanti ed the severe acquisition performance degradation of the proposed scheme due to multiple access interference in AWGN, Rayleigh and Rician fading channels. The increase of the mean acquisition time, due to the interference, depends on the number of users in the system, SNR chip value of the input signal, system design parameters such as the noncoherent correlation interval M and the number of parallel acquisition branches N 1 , and the channel fading statistics. 
